Plants distinguish the pollen grains that land on their stigmas, only 45 allowing compatible pollen to fertilize female gametes. To analyze the underlying 46 mechanism, conditional male-sterile mutations with affected pollen coat and disrupted 47 pollen-stigma recognition were isolated and described. The mutant pollen failed to 48 germinate, but germinated in vitro, suggesting that they are viable. In mutants, stigma 49 cells that contacted their own pollen generated callose, a carbohydrate produced in 50 response to foreign pollen. High humidity restored pollen hydration and successful 51 fertilization, indicating defective dehydration in pollen-stigma interaction. Further 52 analysis results from mixed pollination experiments demonstrated that the mutant 53 pollen specifically lacked a functional pollen-stigma recognition system. The sterile 54 plants lacked stem waxes and displayed postgenital fusion between aerial floral 55
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CER3 and pollen-stigma recognition Introduction BX51 microscope or a Carl Zeiss confocal laser scanning microscope (LSM 5 139 PASCAL). 140 For callose staining, emasculated wild type and cer3-8 flowers were 141 hand-pollinated with pollen grains from Col-0 wild type and cer3-8 plants, 142 respectively. Then the pistils were removed and placed on the slide and stained with To analyze the hydration of pollen grains following hand-pollination, the 152 pollinated flowers were allowed to develop for 20 minutes, the pistils were removed 153 and placed on a slide, and the tissue were examined using an Olympus BX51 microscope. Hydration was assessed by the change from the elliptical shape of mature 155 pollen grains to a nearly spherical shape. In the case of grains that failed to hydrate no 156 change was observed. The T-DNA insertion sites in the mutants were verified using PAC161 vector 182 left-border primer PAC161-LBa1 (5'-TCCCCTGATTCTGTGGATAACCG-3') and Center (ABRC), two lines CS306491 and CS306525 were isolated which exhibited 246 sterile phenotypes ( Figure 1A ). These mutants grew and developed normally as showed that almost no transcript of CER3 was observed in cer3-8 mutant, while the 262 expression level of CER3 was greatly reduced in cer3-9 mutant as compared to that in 263 the wild-type ( Figure 1F ). Allelic test analysis indicated that both mutants were CER3 mutation alleles. So lines CSA306491 and CS306525 were renamed as cer3-8 and 265 cer3-9, respectively. cer3-8 mutant was used for further study here unless otherwise 266 specified.
267
Genetic complementation experiment was performed with wild-type CER3 268 genomic fragment fused in the modified pCAMBIA 1300 vector. Totally 10 269 transformants were obtained, and PCR analysis results showed that all the transgenic 270 plants were homozygous cer3-8. These plants were all fertile with long siliques 271 ( Figure 1A ). These data indicated that mutation of CER3 is responsible for the sterile 272 phenotype. To explore the mechanism of male sterility of cer3 mutants, both mutant Currier 1964). However, no pollen tubes were observed on self-pollinated mutant 280 stigmas ( Figure 1L ), neither when the mutant pollen was applied to wild-type stigmas 281 ( Figure 1K ). Thus, the defect in early pollen germination may account for the 282 observed male sterility in the mutant plants. 283 Interestingly, callose was found on the stigma surface with the phenotype 284 associated with the cer3-8 defect. Stigmatic papillae in direct contact with cer3-8 285 pollen ( Figure 1K ), but not wild-type pollen ( Figure 1J ) were highly fluorescent when stained with aniline blue, indicating that the mutant pollen stimulated callose 287 formation in the stigma cell. This phenotype was observed in all sterile segregants 288 from cer3-8/+ heterozygotes and, thus, was attributed to the cer3-8 mutation. The 289 abnormal callose formation responding to the contact of mutant pollen was also 290 observed when the mutant pollen was applied to the wild-type stigma but not when Further examination indicated that no hydration took place even when the mutant 309 pollen was put on the wild-type stigma (Figure 3 , G─I). Additional assays were 310 performed with mutant pollen to determine whether they were capable of hydration 311 after longer periods on the stigma, however no hydration was observed even several 312 hours after pollination of 208 pollen, while 189 wild-type pollen were all hydrated.
313
The cer3-8 pollen not hydration on the stigma, coupled with the germination of cer3-8 mutant specifically lacks recognition competence 324 The experiments described above suggested that the stigma can recognize 325 different pollen, allowing hydration of wild-type but not cer3-8 pollen. These data 326 implied that the mutation affected the signal that was carried by the pollen and was 327 required for the recognition of the pollen by the stigma. Thus, to further analyze the 328 requirements for pollen hydration, cer3-8 flowers were co-pollinated with wild-type 329 and cer3-8 pollen, by carefully placing the pollen side by side. As expected, viable seeds were produced. Interestingly, these seeds not only yielded fertile, cer3 / + plants, 331 but also infertile, cer3 / cer3 plants, indicating that the wild-type pollen elicited 332 cer3-8 pollen hydration. Pollination with a mixture of the two types of pollen (1 : 1) 333 results in 39.5% homozygous mutant plants and 60.5% heterozygotes, suggesting that 334 the rescue effect of mutant pollen was fairly effective. These results indicated that 335 interaction between the wild-type pollen and the stigma can result in hydration of 336 nearby mutant pollen.
337
In the above pollen rescue experiment, the rescuing pollen not only hydrate, but 338 also germinate and enter the stigma surface. In order to determine the process 339 involved in the rescue experiment, further analysis was carried out. Wild-type pollen (Table 1 ). The results 344 indicated that the mutant can be rescued by the wild-type pollen that were capable of 345 eliciting water transfer but were unable to germinate and enter the stigma surface.
346
These results clearly demonstrate that the defect in the mutant is only limited to the 347 hydration step of fertilization. cer3-8 mutant is deficient in wax production with organ fusion 358 In addition to its male sterility, the cer3-8 mutant was also defective in the (Figure 4) . Specifically, fusions were found to 365 occur among stamens and styles and sepals ( Figure 4B ), and between different flower 366 petals ( Figure 4C ). These results suggest that mutation of CER3 affects the production 367 of wax on the stem surface and some floral organs. 368 369 cer3-8 pollen is deficient in long-chain lipids 370 As described above, the cer3-8 mutants are defective in wax production and 371 pollen germination, suggesting that lipids might play a role in pollen-stigma signaling.
372
The lipid content of wild-type and cer3-8 pollen coat was characterized and compared 373 to examine whether long-chain lipids were present in the cer3-8 mutant. Pollen coat 374 lysates were prepared and extracted with cyclohexane, and the components in the 375 organic phase were subsequently separated and analyzed by gas chromatography-mass spectrometry (GC-MS). All lipids detected by GC-MS were 377 compared between mutant and wild type extracts ( Figure 5 ), and several long-chain 378 lipid compounds in wild-type pollen coat were missing or accumulated less in the 379 mutant. The identity of these molecules was confirmed by analysis of their mass 380 spectra, and their relative abundance is shown in Table 2 . Twenty-nine-carbon (C29) 381 molecules (nonacosene, n-nonacosane) were easily detected in the wild-type sample, 382 but only a small fraction of these lipids (0-1% of wild-type levels) was found in the 383 cer3-8 extract, and 30-carbon molecules were not present at all (Table 2) . Although Values represent percent of total lipids in pollen lysates. Identification of compounds was 391 determined by analysis of their mass spectra, and quantitation is based on integration of total peak 392 area from the ion chromatogram. Parentheses indicate fold-change from wild-type extracts. 393 394 cer3-8 mutant fertility can be restored by long-chain lipids 395 The above phenotype analyses of cer3-8 mutation regarding pollen hydration defect and long-chain lipid deficiency in the pollen coat indicate the important role of 397 long-chain lipids in pollen-stigma recognition during pollination. Thus, exogenous 398 long-chain lipid melissic acid dissolved in chloroform was applied to a 37-day-old 399 cer3-8 mutant stigma surface ( Figure 6C ) with chloroform as control ( Figure 6A ).
400
Elongated siliques were observed on the mutant plant treated with melissic acid 7 401 days later ( Figure 6D ), while siliques on the control plant were not changed (Figure 402 6B). These results demonstrated that fertility was restored by the exogenous 403 application of long-chain lipids, suggesting that long-chain lipids are involved in 404 pollen-stigma communication.
405 406 cer3-8 mutation leads to smooth pollen surface 407 As described above, the effect of cer3-8 mutation on male sterility is sporophytic, 408 so this gene must be active in the diploid tissues. Its activity could be involved either 409 in the pollen mother cell prior to meiosis or the tapetal cell surrounding the 410 microspore. In order to study the surface structure of the cer3-8 mutant pollen, the 411 pollen was examined by scanning electron microscopy (SEM). Compared with wild 412 type, many cer3-8 pollen were abnormally stuck together (Figure 7, A and B) , and the 413 exquisite reticulate pattern of wild type pollen was not prominent in the mutant; Figure 7K ). In cer3-8 mutant, the appearance of the plastids was similar 426 to that in the wild type ( Figure 7L ). However, electron-dense granules were observed 427 in the plastids of cer3-8 mutant ( Figure 7I; big arrow) . At the bicellular pollen stage in 428 the wild type, the plastids developed to relatively translucent elaioplasts consisting of 429 compacted plastoglobuli ( Figure 7M ). However, the elaioplasts of cer3-8 appeared to 430 be less translucent, full of electron-dense granules indicative of lipid accumulation in 431 the plastoglobuli, suggesting that the mutant plastids did not fully develop into 432 elaioplasts ( Figure 7N 441 Previous studies have shown that CER3 was expressed in siliques, stems, rosette results showed that CER3 transcript was initially detected at anther stage 7 and 8 447 tapetum ( Figure 8, A and B) . The highest hybridization signal was observed at stage 9 448 tapetum and microspores ( Figure 8C ). Then the signal was gradually reduced in the 449 tapetum and microspores from stage 10 to 11 (Figure 8, D and E) . By contrast, the 450 control was barely detected at the stage 9 anther ( Figure 8F ). These results suggest 451 that CER3 is required for postmeiosis pollen development. 454 The former study has reported that the CER3 gene encodes a protein of 632 455 amino acid residues which was predicted to be localized to the plasma membrane 
CER3 is highly expressed in the tapetum and microspore

CER3 is a plasma membrane-localized protein
458
Experimentally, a CER3-GFP fusion driven by the CER3 native promoter was 459 generated in the modified pCAMBIA 1300 vector, and 35S-GFP was used as a control.
460
These constructs were introduced into tobacco leaves as described (Hu et al. 2002) .
461
As shown in Figure 9 , GFP was distributed throughout the cell expressing the control construct ( Figure 9B ), while the CER3-GFP was observed on the plasma membrane 463 of the cell, indicating that CER3 is a plasma membrane-localized protein ( Figure 9C ). tryphine that fails to germinate on the stigma surface, resulting in male sterility. The 517 phenotype of cer3-8 pollen coat structure was apparently different from the above 518 described cer mutants. All of these results imply that lipids play important roles in the 519 tryphine regarding pollen-stigma signaling and pollen hydration.
520
In wild-type Arabidopsis anther, the tapetum surrounds the microspore and Pollen coat lysates were extracted with cyclohexane and analyzed by gas chromatography-mass 609 spectroscopy. The wild-type extract contains 29-and 30-carbon lipids (identified in Table 2) , 610
whereas these compounds are virtually absent from the cer3-8 extract. The data were analyzed 611 from three biological replicates and presented as average SD. The statistics analysis was 612 performed using student's t-test (**p<0.01; *P<0.05). 
